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Abstract
The weak-field approximation implying linear relationship between Stokes V/I
and longitudinal magnetic field, B‖, often suffers from the saturation observed
in strong magnetic field regions such as sunspot umbra. In this work we intend
to improve the magnetic field observations carried out by the Solar Magnetic
Field Telescope (SMFT) at the Huairou Solar Observing Station, China. We
propose to use non-linear relationship between Stokes V/I and B‖ to derive
magnetic field. To determine the form of the relationship we perform cross-
calibration of SMFT data and magnetograms provided by the Helioseismic and
Magnetic Imager on board the Solar Dynamics Observatory. The algorithm of
the magnetic field deriving is described in details. We show that using non-linear
relationship between Stokes V/I and B‖ allows eliminating the magnetic field
saturation inside sunspot umbra.
Keywords: Magnetic fields, Photosphere; Instrumentation and Data Manage-
ment; Instrumental Effects
1. Introduction
The Solar Magnetic Field Telescope (SMFT) is a narrow-band filtergraph in-
stalled at the Huairou Solar Observing Station (HSOS), National Astronomical
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Observatories, Chinese Academy of Sciences (Ai, 1987). The telescope provides
uninterruptable homogeneous data on solar vector magnetic field since 1987.
Such a long unique data series allow one to analyze long-term variations and
cycle dependence of active region parameters that rely on the vector magnetic
field measurements, for example, current helicity of active regions. SMFT uses
photospheric Fe I 5324.19 A˚ spectral line to derive information on solar magnetic
fields. Stokes (V/I)SMFT are routinely measured at a single-wavelength point
at the wing of the spectral line (≈20 mA˚ from the line center). The magnetic
field is obtained in the framework of the weak-field approximation implying linear
relationship between the measured Stokes (V/I) and longitudinal magnetic field,
B‖:
B‖ = C‖
V
I
(1)
The calibration coefficient C‖ for HSOS/SMFT measurements was analyti-
cally obtained for the first time by Ai (Ai, 1982). Several other methods for
weak-field calibration were proposed recently (Bai, Deng, and Su, 2013).
In fact, the linear relationship between the Stokes V/I and longitudinal mag-
netic field B‖ holds as long as the magnetic field does not exceed a certain value
that depends on many factors. As we will show below this value is of about
1000 G for SMFT. For stronger magnetic fields that are readily observed in the
umbra of sunspots the Stokes V/I decreases with increasing B‖ (e.g., Sakurai et
al., 1995) resulting in significant underestimation of the sunspot umbra magnetic
field.
The reliability of the transversal magnetic field measurements also depend to
a great extent on the measurements of longitudinal magnetic field. The reason
for this is the so-called 180-degree ambiguity when the azimuthal direction of
the transversal magnetic field vector could not be defined from the observa-
tions. A number of techniques is proposed to solve this ambiguity (e.g., Metcalf,
1994). Most of the techniques use the observed longitudinal magnetic field to
calculate the configuration of the potential field. Then, the observed transversal
magnetic field is directed along the potential transversal field (e.g., Canfield et
al., 1993). Calculations of electric currents imply deriving the spatial deriva-
tive of the transversal magnetic field. In such a case, the magnitude, sign, and
spatial structure of electric currents and current helicity depend drastically on
the correct 180-degree disambiguation of the transversal magnetic field. In the
case of longitudinal magnetic field saturation inside a sunspot, the 180-degree
disambiguation procedure may direct the azimuthal component of the transversal
magnetic field in the wrong direction resulting in incorrect estimation of electric
currents and, consequently, of current helicity.
The saturation of the longitudinal magnetic field inside a sunspot can be
eliminated by using additional information on spectral line, i.e., when the data
on spectral line profile is available. Thus, Su and Zhang (2004) used 31 points
of the Fe I 5324.19 A˚ spectral line profile to derive vector magnetic field by
non-linear least squares fitting technique. A similar analysis was carried out by
Bai et al. (2014) who fitted six points of the same spectral line profile by analyt-
ical Stokes profiles obtained in the Milne-Eddington atmosphere approximation.
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Longitudinal magnetic field can also be derived by a more fast and straightfor-
ward center-of-gravity method (Rees and Semel, 1979): B‖ is proportional to
the difference of centers of gravity of spectral lines in right- and left-circular
polarization states.
However, routine measurements of Stokes (V/I)SMFT by HSOS/SMFT are
being performed in a single wavelength point of Fe I 5324.19 A˚ spectral line
profile. In this paper, we make an attempt to improve the routine magnetic field
measurements by introducing non-linear relationship between the Stokes V/I
and longitudinal magnetic field.
2. The Method
To establish the relationship between the HSOS/SMFT Stokes (V/I)SMFT and
longitudinal magnetic field BSMFT we performed a cross-calibration of Stokes
(V/I)SMFT and longitudinal magnetic field BHMI provided by the Helioseismic
and Magnetic Imager on board the Solar Dynamics Observatory (SDO/HMI,
Scherrer et al., 2012; Schou et al., 2012). SDO/HMI is a full-disk filtergraph that
measures the profile of photospheric Fe I 6173 A˚ line at six wavelength positions
in two polarization states to derive the information on longitudinal magnetic
field. The spatial resolution of the instrument is 1” with 0.5”×0.5” pixel size.
SDO/HMI uses the so-called MDI-like algorithm to derive line-of-sight ob-
servables (Couvidat et al., 2012). Longitudinal magnetic field is proportional to
the difference between Doppler velocities derived from spectral lines in right- and
left-circular polarization states. Look-up tables are used to correct the derived
velocities for asymmetry of the spectral line, finite HMI filter transmission profile,
etc. Therefore, SDO/HMI longitudinal magnetic field maps are predominantly
free from saturation in sunspot umbrae.
For cross-calibration we used co-temporary magnetograms of randomly se-
lected ten active regions observed between 2015 and 2018. Magnetograms ac-
quired by SDO/HMI were rotated by the p-angle and rescaled to the pixel size
of HSOS/SMFT of approximately 0.29”×0.29” by a cross-correlation technique.
Since SDO/HMI data are not affected by seeing, the magnetograms from the
space-borne instrument were smoothed by a Gaussian kernel to roughly imitate
the atmospheric distortion. Then, the same regions of the solar surface were
cropped out from the HSOS/SMFT Stokes (V/I)SMFT maps and processed
SDO/HMI magnetograms.
The HSOS/SMFT Stokes (V/I)SMFT versus SDO/HMI BHMI distribution
for all the magnetograms used for the cross-calibration is shown in Figure 1. The
red calibration curve in the plot is the best least-square approximation of the
distribution by a third order polynomial. One can see that the quasi-linear rela-
tionship holds for relatively weak magnetic fields while Stokes (V/I)SMFT starts
to saturate for longitudinal magnetic field exceeding approximately 1000 G.
The essential key of our method is using two different calibration expressions
for weak (BwSMFT ) and strong (B
s
SMFT ) longitudinal magnetic field. Indeed, for
each value of measured Stokes (V/I)SMFT we can determine two corresponding
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values of BSMFT at the calibration curve. Using the approximation of the dis-
tribution shown in Figure 1, we can write the following expression for deriving
longitudinal magnetic field from Stokes (V/I)SMFT :
BwSMFT = 1.656 · 104
V
I
+ 2.874 · 106
(
V
I
)3
(2)
BsSMFT = ±
(
1.983 · 103 − 2.859 · 105
(
V
I
)2)
(3)
Note that using of non-linear relationship between Stokes (V/I) and B‖ were
proposed earlier. For example, Chae et al. (2007) performed cross-calibration of
Narrow-band Filter Imager (NFI) Stokes V/I and longitudinal magnetic field
acquired by Spectropolarimeter (SP) on board Hinode. NFI is a filtergraph that
observes Stokes V/I at a single spectral point of Fe I 6173 A˚ line and exhibits
saturation of Stokes V/I in the magnetic fields exceeding approximately 2000 G.
Chae et al. (2007) proposed to use two different linear relationships to evaluate
the longitudinal magnetic field from Hinode/NFI Stokes V/I. Similar analysis
was carried out by Moon et al. (2007) who proposed a method to eliminate satu-
ration magnetic field measurements performed by SOHO/MDI. The authors used
second-order polynomial to approximate the strong-field part of SOHO/MDI
Stokes V/I versus Hinode/SP B‖ distribution.
The next step of our method is to figure out at which part of the calibration
curve our particular pixel is, i.e., does this value of Stokes (V/I)SMFT in the
pixel correspond to weak or strong magnetic field? To answer this question,
we propose to employ information on continuum intensity in the pixel. Norton
and Gilman (2004) showed that a direct relationship exists between continuum
intensity and the magnetic field strength. Hence, we can use readily obtainable
Stokes ISMFT as a proxy of continuum intensity to figure out which part of the
calibration curve must be used to derive the value of magnetic field from Stokes
(V/I)SMFT : continuum intensity or Stokes ISMFT in the strong-magnetic-field
regions is sufficiently lower than that in the weak-magnetic-field or quiet-Sun
areas (cf. Chae et al., 2007).
The obvious choosing of the threshold Stokes It value to separate pixels into
two subsets of strong and weak magnetic field might be inappropriate: due
to noise in the Stokes ISMFT maps two adjacent pixels with actually nearly
the same value of magnetic field could be attributed to different parts of the
calibration curve. As a result, sudden changes of BSMFT might be observed
in the derived map of the longitudinal magnetic field. We propose to set two
thresholds, Is and Iw, such that pixels with ISMFT < Is are definitely related to
strong-field regions and pixels with ISMFT > Iw are associated with quiet-Sun
or weak-field regions.
If the required cadence of the data is not high enough manual choosing of the
threshold values Is and Iw by an observer is acceptable. One can use isolines of
the continuum intensity to choose the thresholds such that pixels with ISMFT <
Is are sunspot umbra pixels and pixels with ISMFT > Iw are outer boundary
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Figure 1. The logarithmic density of HSOS/SMFT Stokes (V/I)SMFT versus SDO/HMI
longitudinal magnetic field BHMI distribution. The red calibration curve shows the best third
order polynomial approximation of the distribution.
of the penumbra and quiet-Sun pixels (Figure 2). Magnetic field in pixels with
Is < ISMFT < Iw could be derived by, for example, interpolation methods.
All in all, the modified algorithm for deriving BSMFT from Stokes (V/I)SMFT
can be summarized as follows:
1. Separate all the pixels into two sets of strong and weak magnetic field pixels
by applying thresholds Is and Iw to Stokes ISMFT map. Pixels where Is <
ISMFT < Iw could be omitted at this step.
2. Calculate longitudinal magnetic field in pixels using expressions (2) and (3)
for strong and weak magnetic field pixels, respectively.
3. For magnetogram use cubic interpolation to calculate magnetic field in an
area of pixels omitted at the first step. The area can be located as a ring
between the isolines in Figure 2.
4. Smooth the magnetogram to eliminate possible discontinuity at the bound-
aries of the interpolated segments.
Figure 2 demonstrates Stokes (V/I)SMFT and Stokes (I)SMFT of a unipolar
NOAA active region XXXXX. A clear saturation of (V/I)SMFT in the active
region’s umbra is visible. The spatial cuts of smoothed BHMI (panel a), raw
(V/I)SMFT (panel b), and derived by the proposed algorithm BSMFT (panels c
and d) maps of NOAA active region XXXX are shown in Figure 3. The saturation
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Figure 2. Stokes ISNFT of NOAA active region XXXX. An example of intensity isolines that
could be used to set the intensity thresholds.
in the umbra was eliminated in the final map of BSMFT . The maximum BSMFT
value inside umbra is about 1750 G that is just 10% less than that derived by
SDO/HMI. For comparison, BSMFT derived from (V/I)SMFT by linear rela-
tionship (1) would yield approximately 2.5 times lower values of magnetic field
inside umbra area.
To verify the consistency of our methodology, we derived longitudinal mag-
netic field BwfHMI from SDO/HMI Stokes (V/I)HMI measurements acquired in
a single-wavelength position. To do this, we performed the cross-calibration
between (V/I)HMI and BHMI to obtain coefficients in expressions (2) and (3)
suitable for SDO/HMI instrument. Then the BwfHMI map was evaluated by the al-
gorithm described above. Indeed, in the contrast to ground-based HSOS/SMFT,
cross-calibration of such reduced SDO/HMI Stokes (V/I)HMI at a single spectral
line point and SDO/HMI BHMI obtained by MDI-like algorithm is free from all
the errors caused by different seeing, spatial resolution, employed spectral lines,
etc.
SDO/HMI Stokes (V/I)HMI maps were derived from observations in the 4
th
filter position. The data on NOAA active region 12674 acquired on 2017 Septem-
ber 5 at 05:48 TAI were used. SDO/HMI Stokes (V/I)HMI versus SDO/HMI
BHMI is shown in Figure 4a. The same saturation effect in strong magnetic fields
as in Figure 1 can be seen. The scatter plot of the derived SDO/HMI longitudinal
magnetic field BwfHMI versus SDO/HMI BHMI is shown in Figure 4b. One can see
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Figure 3. The slice of a magnetogram: a) - magnetic field provided by SDO/HMI, b) -
magnetic field derived from HSOS/SMFT Stokes V/I in the framework of the weak-field
approximation, c) - magnetic field for strong and weak magnetic field regions derived from
HSOS/SMFT Stokes V/I by equations (2) and (3), d) - magnetic field obtained by the proposed
algorithm after interpolation and smoothing.
Figure 4. a) HMI V/I versus HMI B‖. The red curve shows the best third order polynomial
approximation of the distribution. b) Modified HMI V/I versus HMI B‖. The red curve shows
y = x line.
a good consistency between the data series. The correlation coefficient between
BwfHMI and BHMI is 0.99999999999.
Figure 5 shows (V/I)HMI , (B)
wf
HMI , and (B)HMI maps of NOAA active region
12674. One can see that the method compensates the saturation effect inside
strong leading and following parts of the active region.
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Figure 5. Magnetograms of an active region: HMI B‖ (left picture), HMI V/I (center picture),
HMI V/I after modification (right picture).
Figure 6. Magnetograms for selected active regions: HMI (left column), SMFT (middle col-
umn), SMFT with the algorithm (right column). Red arrows points the saturation in SMFT
observations.
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Figure 7. The SDO/HMI B‖ versus modified HSOS/SMFT B‖ for all the magnetograms
shown in Figure 6.
3. Results
To illustrate the method’s performance, we derived longitudinal magnetic field
of five active regions by linear weak-field approximation, equation 1, (Figure 6,
middle column) and by the proposed algorithm (Figure 6, right column) from
Stokes (V/I)SMFT acquired by HSOS/SMFT. SDO/HMI co-temporary magne-
tograms of the same active regions are shown in the left column of Figure 6
for comparison. The Stokes ISMFT thresholds were set to Is = 0.65 Ic and
Iw = 0.4 Ic, where Ic is the Stokes ISMFT of the continuum intensity.
One can see the saturation in the magnetograms observed inside strong mag-
netic field concentration in the middle column of Figure 6 (indicated by red ar-
rows). At the same time, both SDO/HMI magnetograms and the magnetograms
derived by the proposed algorithm are free of this imperfection.
The SDO/HMI longitudinal magnetic field BHMI versus BSMFT derived from
HSOS/SMFT data plot for the selected magnetograms is shown in Figure 7.
In contrast to Figure 1, quasi-linear relationship holds up to magnetic fields
as high as 2500 G. The correlation coefficient between BHMI and BHMI is
0.99999999999.
Finally, Figure 8 shows transverse magnetic field in NOAA active region 12670
that was obtained from measured Stokes Q and U . To perform the 180-degree
disambiguity, the transversal magnetic field vector in each pixel of the magne-
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Figure 8. Longitudinal magnetic field BSMFT in NOAA active region 12670 observed on
2017 August 17 at 05:18 UT. Arrows point out the direction of the transversal magnetic field
(see text).
togram was co-aligned with the direction of the transversal potential magnetic
field. The potential field was calculated from saturated longitudinal magnetic
field for green arrows and from de-saturated longitudinal magnetic field for red
arrows. As expected, the saturation prevents transversal magnetic field from
being oriented in a right direction inside umbral regions.
4. Summary
We proposed an algorithm aimed at deriving longitudinal magnetic field from
Stokes V/I observed by HSOS/SMFT. The key feature of the algorithm is the
using of non-linear relationship between longitudinal magnetic field and Stokes
V/I value.
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